Abstract-This paper presents the results of a crosstalk analysis of four optical wavelength division multiplexed (WDM) cross-connect (OXC) topologies. An optimal set of parameters is determined to reduce the total crosstalk. The scalability of the topologies is presented in terms of wavelengths and input fibers. The total crosstalk in function of the number of cascaded OXC's is compared for the four topologies.
The crosstalk sources are related to the different individual components of the OXC's.
This paper is divided into four main parts. In the first part the different OXC topologies are presented and explained. The different crosstalk sources in the OXC are identified and quantified in the second part. Afterwards the analytical equations for the topologies are derived. The results are presented in part four. The analytical approach is validated by comparing the results obtained by the analytical equation with results obtained by numerical simulations. Afterwards the influence of the component parameters on the crosstalk is studied. In the next paragraph the scalability in terms of number of wavelengths and number of input/output fibers, is investigated. Finally the crosstalk levels of the four topologies are compared in function of the number of cascaded OXC's.
II. OXC TOPOLOGY
Several topologies exist for all optical WDM cross connects. The most suitable topology for an application depends in general on the required functionality and on the cost, capacity and flexibility constraints. In this paper, we evaluate the influence of two switching matrices and the use of wavelength converters on the crosstalk properties of an OXC. The impact on the crosstalk when swapping the order between switching and selecting (of the wavelength channel) has been studied. That is why different OXC topologies have been defined and the crosstalk of each of these has been evaluated. By comparing the results of the different topologies one can derive the influence of the switching matrix, of the wavelength converters and of the order between switching and selecting. The topologies defined in this paper are not the only possible, but are generic topologies that make it possible to evaluate the crosstalk properties.
The first switching matrix that was studied is based on an array of gates. The first OXC topology includes this switching matrix to route the different wavelength channels. Splitters and combiners are placed in front of and behind the switch matrix and filters are used to select the wavelength channels. The broadcast and select optical cross connect topology is shown in Fig. 1 [10] , [11] , [14] , [15] .
Another switching matrix studied in this paper is based on a mechano-optical space switch. This switching matrix is embedded in an OXC topology (Fig. 2 ) that makes use of demuliplexers and multiplexers to select the wavelength channels. To analyze the impact when swapping the order between switching and selecting of the wavelength channels, a third OXC topology has been defined (Fig. 3 ). This topology is the mirror image of the first one. The switching matrix of topology 1 is used but the wavelength channels are selected by the filters, before being routed to the desired output fiber.
The effect of wavelength converters on the signal quality has been investigated by adding converters to the first topology (Fig. 4) . Wavelength converters are often desired in the OXC to make the network management much easier, to reduce the blocking probability and because of their signal regeneration and noise reduction capabilities [49] , [50] , [53] . The drawback of the wavelength converter is the price and the higher complexity of the system. I would like to stress that only this topology needs tuneable filters. The filters used in the first and the third topology have a fixed centre frequency.
A. Principal of the Topologies
In the first topology (Fig. 1 ) the wavelength channels are first routed to the desired output fiber before being selected by a filter. The input fibers are routed to the desired output fibers, each carrying wavelength channels. A space switch is used to route a signal to the desired output fiber. This switch consists of passive splitters , gates and combiners . The gates are implemented as gain-clamped semiconductor optical amplifiers (GC-SOA) [25] . After this switching part, the correct wavelength is selected by a filter with a fixed centre frequency. Finally, times outputs with a different central wavelength, are combined into the output fibers. In the second topology (Fig. 2) the input fibers are demultiplexed by demultiplexers. A space switch routes the channels to the output fibers. This space switch can be implemented as a mechano-optical space switch. times channels are combined by multiplexers. The multiplexers and demultiplexers can be implemented for example as phased arrays [23] .
The third topology (Fig. 3 ) acts more or less the same as the first one. The difference is that the desired wavelength channel is selected by the filter (with a fixed centre frequency) before the channel is routed to the output fiber.
In the last topology (Fig. 4 ) the wavelength channel is converted to another (or the same) wavelength by a wavelength converter which is assumed to be a Mach-Zehnder interferometric wavelength converter in contra directional mode [24] , [51] . This converter is placed behind the filter, which has to be tuneable. Finally, times outputs with a different central wavelength, are combined into the output fibers. 
III. CROSSTALK SOURCES
Crosstalk will be one of the major limitations for the introduction of OXC in all optical networks. In this paper the influence of the components on the total OXC crosstalk is investigated. The different classes of crosstalk are first clarified.
Different kinds of crosstalk exist, depending on their source. First one has to make a distinction between interband crosstalk and intraband crosstalk [27] , [39] , [42] . Interband crosstalk is the crosstalk situated in wavelengths outside the channel slot ( Fig. 5 ) (wavelengths outside the optical bandwidth). This crosstalk can be removed with narrow-band filters and it produces no beating during detection, so it is less harmful. The crosstalk within the same wavelength slot is called intraband crosstalk. It cannot be removed by an optical filter and therefore accumulates through the network. Since it cannot be removed, one has to prevent the crosstalk. In this paper intraband crosstalk is studied since the network performance will be limited by this kind of crosstalk. Moreover, within the intraband crosstalk, a distinction between incoherent and coherent crosstalk has to be made. These types of crosstalk are not well defined in literature and therefore a definition is given here. To make a distinction between both types of intraband crosstalk one has to look at the consequences. The interference of the signal channel and the crosstalk channel at the detector results in a beat term. The crosstalk is called coherent crosstalk if the total crosstalk is dominated by this beat. If this beat term is very small compared with the total crosstalk, it is called incoherent. This difference will be illustrated hereafter.
The output power of a combiner and a detector with two inputs is given in (1) (Fig. 6) (1) with and the power of both signals, and the pulsation, and the phase of the signals in function of the time and and the initial phase of both signals. This output power is composed of three terms. The first term is the power of the first input channel. The second term is the power of the second input channel. In a normal optical network the power of this channel will be much lower. The third term is the beat term between the two input channels. The power of this beat term depends on the root of the powers (if the second power is times lower than the first one, the beat term is only lower!). Furthermore this beat term depends on the frequency difference between both channels, on the phase difference in function of the time and on the initial phase difference of both channels by way of a cosine function [23] , [26] , [27] , [37] , [38] , [40] , [43] - [45] . Incoherent crosstalk is defined as the case in which the beat term can be neglected (e.g., when the wavelengths are different). The case in which the beat term cannot be neglected is called coherent crosstalk. This crosstalk occurs in a WDM network if channels with the same nominal carrier frequency are combined. The power of the beat term varies in time, but has a maximum value of . Notice that the beat term can be positive or negative. The decrease in eye opening strongly depends on the sign of the beat term. A positive sign does not affect the eye opening, a negative sign results in a decrease. In Fig. 7 the eye is shown for both signs, when the frequency and phase difference is zero ( is 15 dB lower than ). Since this sign cannot be predicted in a system it should be designed for the worst case, which is the negative sign. If coherent crosstalk is considered in this paper we will assume a maximal negative beat.
From the eye diagrams shown in the figures one can conclude that interferent crosstalk is much more harmful for the "one" than for the "zero." In this paper, the calculated crosstalk is defined as the difference between a calculation without crosstalk sources and a calculation with crosstalk sources, for all "ones" at the input. In the case of coherent crosstalk all the beat terms have the same sign, resulting in a worst case situation. Summarized the calculated crosstalk is the difference between a "one" without crosstalk and a "one" with crosstalk. This is illustrated in Fig. 8 .
We will now identify the crosstalk sources of the topologies considered in this paper. The different crosstalk sources in the topology of Fig. 1 are the following. The gate adds crosstalk due to nonperfect gain clamping in the amplifier; the gain dynamics of the GC-SOA depend on the total input power [25] , [47] . The output of the gate can be modeled as if the amplification by the gate is neglected. The crosstalk power at wavelength is then given by (by definition of ) (2) with the crosstalk parameter of the GC-SOA, the power at wavelength and the number of wavelength channels at the input of the gate. The sum is made over all wavelength cannels. At the combiner after the gates, signals are combined coming from different input fibers. During normal operation one of the gates is in the on-state and all the other are in the off-state. Because of the nonperfect blocking of the gates in the off-state some of the power is leaking through the gate. That effect also results in crosstalk.
The combiner at the output of the OXC has inputs. Each of these inputs consists of one signal channel and suppressed channels (suppressed by the filter). This means that each output channel of the combiner has contributions, one signal contribution and suppressed channels. This leads to crosstalk.
In the OXC of Fig. 2 crosstalk is added in the space switch and in the multiplexer. The output of the space switch contains contributions of all inputs. Since only one of the inputs contains the signal, all other contributions should be considered as crosstalk (they will be attenuated by the switch). A multiplexer acts as a filter and a combiner which means that the inputs of the multiplexer carry each channels [52] . of these channels are suppressed by the filter effect of the multiplexer. Therefore, one output channel is composed of contributions, one signal input channel and suppressed input channels.
The same crosstalk sources of topology 1 can be identified in the topology of Fig. 3 . The difference is that at the input of each gate of the channels are suppressed by the filter, resulting in less crosstalk due to the nonperfect gain clamping of the gate.
In Fig. 4 , there is a wavelength converter between the filter and the combiner. The input of an additional wavelength converter consists of one channel carrying the signal under study and suppressed channels. This leads to crosstalk because the output of the wavelength converter depends on the total input power (but the converter has also some regeneration effect). At the output of the wavelength converter there is only one channel. (The wavelength converter is used in contra directional mode [24] , [51] . Due to this effect, the combiner at the end of the OXC adds no crosstalk because the input fibers of the combiner carry only one channel, each with a different wavelength.
IV. ANALYTICAL EXPRESSION FOR THE CROSSTALK
In this paragraph, analytical expressions are given that describe the output power of a certain OXC topology in function of the input powers and component parameters. Note that absolute power levels are only relevant in front of the GC-SOA. Therefore the power levels at the input of the gate are taken as reference, gains and losses are not relevant since they are assumed uniform for all possible routing ways. The crosstalk is determined by calculating the difference in output power between a calculation without crosstalk (one channel at the input) and a calculation with crosstalk (all possible channels at the input) (maximal crosstalk, so full traffic load is assumed). The calculations are performed for only "ones" at the input. The sign of the beat terms is assumed negative and the amplitude of the beat terms is assumed maximum to calculate worst case conditions.
The crosstalk is calculated for a certain wavelength channel; this channel will be called the channel under study. The analytical equations for the OXC topologies are illustrated in this paragraph. In the equations the signal power is defined by , where designates the wavelength channel and the number of the fiber. The fiber which contains the channel under study is indicated , the wavelength under study . If a wavelength converter is used, the wavelength under study at the output is redefined .
is the number of wavelength channels in a fiber and is the number of input fibers. The ON-OFF ratio of the gate is given by , so that is the transmission of a gate in the off-state .
is the crosstalk parameter of the gate, defined in (2) . The suppression of a wavelength channel by a filter is given by . This means that is the transmission of the filter seen by that channel ( 1) . The crosstalk of the switch matrix is given by and is defined as the fraction of the input power routed to other outputs. The crosstalk of the demultiplexer and the multiplexer are given by and and are also defined as transmission factors ( 1) .
Equation (3), shown at the bottom of the page, is given for the first topology in case of coherent crosstalk. The first three terms are the noninterfering contributions, the last three terms are the contributions due to the interference of different channels (beat terms).
The first term contains the input power. The output power would be equal to the input power if no interaction with the other channels existed. The second term contains the crosstalk of the gate due to nonperfect gain clamping. The third term contains contributions due to input channels with the same wavelength at other input fibers. These are the direct crosstalk contributions, resulting in an increase of the output power. The interference between the channels results in the last three terms, with the negative sign. First there is the interference between the signal channel and the crosstalk channels. Notice that these contributions only scale with the root of and resulting in severe signal degradation. The second interference term contains the beat terms of the different crosstalk channels. Since each of these crosstalk channels is composed of different contributions (e.g., times the contribution ), beat terms between these contributions have to be taken into account (last term).
The equation for the second topology differs from the previous one because other components are used (space switch and muliplexers-demultiplexers). A simplified version of the equation is given below with only the most dominant contributions shown in (4) at the bottom of the page. The results shown in this paper are based on a full equation. Five contributions can be distinguished. The first term is the input signal. The second term contains the direct crosstalk contributions. The beat terms are given in the next three terms. First, we have the interference between the crosstalk contributions. Afterwards, the beat between signal and crosstalk channels is given. The last term is the beat between different crosstalk contributions.
The equation for the third topology, shown in (5) at the bottom of the next page, is rather equal to the equation for the first topology. The same six contributions can be distinguished. The only difference between both equations (and OXC) is that the crosstalk due to the not-perfect gain clamping of the gate is less important in this topology because the other wavelength channels are filtered before the gate. The other contributions are the same.
The equation of the fourth topology is more difficult due to the nonlinear behavior of the wavelength converter. The input-output characteristic of the wavelength converter is modeled by an analytical function which agrees very well with simulation results of a Mach-Zehnder Interferometric (MZI) wavelength converter (Fig. 9 ) [46] , [51] . The numerical model used for the simulation is based on [48] . The output of the converter is given by for the analytical function and the outputs of this function are combined to form the output of the OXC.
V. NUMERICAL RESULTS
The parameter values used for the calculations are given in Table I , except when stated otherwise. The calculated crosstalk is defined as Crosstalk (6) with the output power of a calculation with all channels at the input and the output power of a calculation with only the channel under study at the input of the OXC.
The input power is chosen to be very low. As mentioned before, power levels at the input of the gate are taken as reference. A power value of 20 dBm is a normal input value for a gate.
A. Validation of the Analytical Approach
The analytical approach has been validated by calculating the crosstalk for the first OXC topology as a function of the input power and comparing this result with the results of a numerical simulation of the same topology.
The numerical simulations are performed in the time domain. The concept of the simulation tool is that each compo- nent is represented by a function which calculates the optical fields at the output of the component based on the optical fields at the input and on the component parameters. The system model of the gate used in these simulations is controlled by comparing with results obtained by a detailed numerical simulation described in [47] . The filter is implemented as a Fabry-Perot filter, with a free spectral range of 70 nm (larger than twice the used bandwidth). The channel spacing is 3.2 nm and four channels are used. The parameter given in Table I is defined as the transmission factor seen by the neighboring channel. Wavelengths further from the central wavelength of the filter are suppressed more. Therefore we expect higher analytical crosstalk than numerical crosstalk because in the numerical simulations the suppression of nonadjacent channels is higher. In the case presented in this paper there was one nonadjacent channel (four wavelengths were used and the crosstalk was calculated at one of the centre wavelengths).
The results of the analytical calculation and the numerical simulation are shown in Fig. 10 . In this paragraph, the difference between the analytical calculations and the numerical simulations is discussed. The shape of the figure is discussed (5) in Section V-B. The two lines at the bottom of Fig. 10 give the incoherent crosstalk. The two lines at the top are for the coherent case. The crossed lines are the simulated results, the straight lines the analytical results.
It can be seen that, as expected, the crosstalk predicted by the analytical equation is higher than the one obtained from simulations. This is due to the filter effect. To eliminate this effect the crosstalk is also calculated in the case of three wavelengths. The crosstalk is calculated at the central wavelength, both adjacent wavelengths have the same suppression (analytically and numerically). The results are shown in Fig. 11 . There is still a small difference between the analytical result and the simulation result. This is due to the fact that the analytical equation is still an approximation. Not all possible terms are taken into account to keep the equation relatively simple. Nevertheless, good agreement between numerical simulations and analytical calculations is shown. Analytical calculations have the advantage that they give a better insight in the influence of a certain component on the total performance and the calculations are much faster than the numerical simulations. The drawback is that only static results are derived.
B. Influence of Component Parameters
The influence of the component parameters and the input power on the total crosstalk is calculated. The aim of these calculations is to optimize the parameter values for the OXC and to identify the most critical components.
1) Input Power:
This parameter is only relevant for the topologies with a switch based on gates. The crosstalk as a function of the input power has already been shown in Fig. 10 , for the first topology. The first conclusion which can be drawn from this figure is that there is a big difference between coherent and incoherent crosstalk, both in value and shape. Some of the interfering terms in the analytical equation (3) are only reduced by a factor and they give rise to high-coherent crosstalk. This coherent crosstalk is due to interference of channels from different input fibers and can strongly be reduced if the conditions for coherent crosstalk are not fulfilled. Nevertheless, due to the good alignment of the laser sources in a WDM network, it is likely that different channels interfere coherently. In the next figures only coherent crosstalk is shown.
The second conclusion is that there is a difference in shape between the coherent and incoherent case. In the coherent case the crosstalk increases slightly with increasing input power. In the incoherent case, the crosstalk has a dip for a certain power and increases when the power is increased. This effect is caused by the crosstalk of the GC-SOA used as gate. The higher the input power of the gate, the more crosstalk is added by this gate. However, this crosstalk has a negative sign. In the coherent case, the total crosstalk is dominated by the beat terms (also with negative sign). The crosstalk of the gate only becomes important for very high input powers. In the incoherent case, the crosstalk is determined by the additive crosstalk of other channels in the absence of gate crosstalk (small input power, positive sign). When the input power is increased, the gate compensates for the additive crosstalk, resulting in a decrease of the total crosstalk. For a certain increase of input power the gate starts overcompensating and the total crosstalk changes sign from positive to negative see (6) , the absolute value of the crosstalk, which is shown in the figure, then increases. The total crosstalk is dominated by the crosstalk of the gate. The place of the dip depends on the routing parameter and on the load. The place of the dip will change if partially zeros are transmitted.
The next figures are calculated in the case of coherent crosstalk.
2) Crosstalk Parameter of the GC-SOA: The influence of the crosstalk produced by the gate is only relevant for the topologies based on gates. The total crosstalk is calculated for topology 1 and 3.
The crosstalk is calculated for different values of the crosstalk parameter of the GC-SOA (Fig. 12) . The results are different for both OXC topologies. For the first OXC the crosstalk increases if the crosstalk of the gate increases. The third topology is much more robust against crosstalk of the gate, because the channels are filtered before being passed through the gates. This effect can be seen in the figure where the crosstalk for this topology is more or less independent of the crosstalk parameter of the gate. A realistic value of 0.1 mW 1 is used as bias value in the other calculations [47] .
3) Filter Parameter and ON-OFF Ratio:
The crosstalk is calculated in function of the filter parameter and the ON-OFF ratio of the gate for the first and the third topology. The results for both topologies are the same and are shown in Fig. 13 . The total crosstalk in function of the filter parameter is shown for the ON-OFF ratio varied between 10 dB and 90 dB in steps of 20 dB. An ON-OFF ratio of 50 dB can be obtained with present gates, so one can conclude that higher ON-OFF ratios are not required. The total crosstalk is dominated by the filter. Better filters lead to better crosstalk performance [9] , [25] . We can conclude that the filter limits the performance of the OXC in terms of total crosstalk. 
4) Crosstalk of the Space Switch and Demultiplexer:
The total crosstalk is calculated in function of the space switch and multiplexer/demultiplexer for the second topology (Fig. 14) . The total crosstalk is dominated by the space switch as long as the crosstalk of the switch is smaller than twice the multiplexer-demultiplexer crosstalk. But mechano-optical space switches have very good crosstalk performances so in practise the total crosstalk will be limited by the crosstalk of the multiplexer/demultiplexer.
C. Scalability of the OXC Topologies
To study the scalability of the OXC topologies the crosstalk (coherent) is calculated as a function of the number of input fibers and the number of wavelengths in a fiber . The results are presented in Figs. 15, 16 , and 17 for the first/third, second and fourth topology. The results for the first and the third topology are as expected. The crosstalk strongly increases with and . For a certain throughput ( multiplied with ) lowest crosstalk is obtained with large and small . If the total crosstalk will be kept constant and the number of fibers is increased , the ON-OFF ratio has to increase too. If the number of wavelengths is increased , the filter suppression has to increase too. The crosstalk of the second topology increases with increasing and . Optimal performance for a certain throughput is obtained if the number of fibers equals the number of wavelengths
. If the total crosstalk is kept constant and the number of fibers increases , the performance of the space switch has to increase too. If the number of wavelengths is increased , the multiplexer/demultiplexer suppression -has to increase too. The crosstalk of the fourth topology is almost independent of the number of wavelengths in a fiber . This is due to the regeneration of the wavelength converter. In total one can conclude that the number of fibers can be increased without penalty if the performance of the switch is increased (gate or space switch). The number of wavelengths can be increased but requires higher suppression of other channels (filters or demultiplexers) or regeneration (wavelength converters). Realistic systems require a large number of wavelengths compared with the number of fibers. Therefore very good filters are required to reduce the crosstalk. If wavelength converters are used, the requirements for the filters are less strict.
D. Comparison of Different OXC Topologies in Terms of Crosstalk
In Fig. 18 the total crosstalk (coherent) is presented in function of the number of OXC cascaded and this for the four different topologies studied in this paper. As can be expected the highest crosstalk is obtained for the first and third topologies. Both topologies perform equally. The passive OXC based on the switch matrix performs much better. Best performance is obtained with the OXC including wavelength conversion.
The better performance of the passive topology compared to the first two topologies can be expected due to the low crosstalk values of the space switch, and because filtering occurs before and after the space switch.
The very good performance of the OXC with wavelength converters is due to the regeneration capabilities of the converter [49] , [50] and due to the absence of interference crosstalk at the last combiner. If the crosstalk before the converter is small, it has little impact on the total crosstalk. The crosstalk before the converter can be reduced by optimising the crosstalk of the first topology. For that reason, the extensive study of the first topology is important. Optimal parameter settings for this topology will give optimal performance for the topology with wavelength converters. If the crosstalk before the wavelength converter is kept low, many converters can be cascaded.
From the comparison of the first and third topology, we conclude that they perform equally, independent of the place of the filter. The only difference is that the topology with selection before the switching, is not sensitive to variations in the crosstalk parameter of the gate, while the first topology with the selection after the switch matrix is very sensitive.
By comparing the first two topologies, we see that the first one has considerable higher crosstalk. But this topology contains only one filter and the second topology contains two filters, one in front of and one behind the switch. From the calculations in function of the component parameters we see that both topologies are limited by the filter. We can conclude that the mechano-optical space switch performs better than the switch based on gates (even better performance is mentioned in literature [9] , but in both cases the total crosstalk is limited by other components.
The wavelength converter improves the performance of an OXC topology drastically (comparison between the first and the last OXC). The drawback is that converters are very expensive and that they add jitter.
Optimal crosstalk performance will be obtained if filtering before and after the switch matrix is accomplished and wavelength conversion is used. Both switch matrixes perform good. The crosstalk of the switch is not dominant as long as it is better than twice the filter suppression. If gates are used in the switch matrix, the total input power should be sufficiently low so that the gain of the gate is clamped. This can be obtained by filtering in front of the switch.
The incoherent crosstalk in function of the number of OXC cascaded is shown in Fig. 19 (The crosstalk of topology 1 is calculated with an input power of 30 dBm to avoid dominant gate crosstalk). While the coherent crosstalk gives an upper limit, the incoherent crosstalk gives a lower limit which can be obtained with a certain set of component parameters. The margin between upper and lower limit indicates the improvement which can be obtained by suppressing the beat term. This can be obtained for example by phase scrambling. If a crosstalk value of 20 dB can be tolerated, only the OXC with wavelength converters satisfies the demand if a number of cross connects is cascaded. By suppressing the beat term the same tolerance can be fulfilled with the second topology.
One can conclude that a calculation in the case of coherent crosstalk gives an upper boundary. When this upper boundary does not meet the requirements there is room for improvement by suppressing the beat. An incoherent calculation results in a lower boundary. If this lower boundary is not good enough, better component parameters are required.
VI. CONCLUSION
In this paper, four different OXC topologies have been studied. Their crosstalk sources have been identified and their total crosstalk is calculated based on analytical equations. Good qualitative agreement with the numerical simulations have been demonstrated.
From the comparison between the different OXC's we can conclude that the performance is limited by the filters. Both switch matrixes fulfill the demand. Wavelength converters improve the system and make the filter requirements less strict. That is why they could be necessary in future optical cross connects. A high input power of the gates will result in an extra penalty. Optimal results are obtained if filters are used in front of and behind the switch and if wavelength converters are applied.
A big difference between coherent crosstalk and noncoherent crosstalk has been observed as was expected. To reduce the coherent crosstalk, phase scramblers could be used. A calculation in case of coherent crosstalk gives an upper boundary on the expected crosstalk, a calculation of the incoherent case results in a lower boundary. If the lower boundary does not meet the requirements better components are necessary.
